Prior studies have documented a range of brain changes that occur as a result of healthy aging as well as neural alterations due to profound dysregulation in vascular health such as extreme hypertension, cerebrovascular disease and stroke. In contrast, little information exists about the more transitionary state between the normal and abnormal physiology that contributes to vascular disease and cognitive decline. Specifically, little information exists with regard to the influence of systemic vascular physiology on brain tissue structure in older individuals with low risk for cerebrovascular disease and with no evidence of cognitive impairment. We examined the association between resting blood pressure and diffusion tensor imaging (DTI) indices of white matter microstructure in 128 healthy older adults (43-87 years) spanning the normotensive to moderate-severe hypertensive range. Mean arterial blood pressure (MABP) was related to diffusion measures in several regions of the brain with greatest associations in the anterior corpus callosum and lateral frontal, precentral, superior frontal, lateral parietal and precuneus white matter. Associations between white matter integrity and blood pressure remained when controlling for age, when controlling for white matter lesions, and when limiting the analyses to only normotensive, pharmacologically controlled and pre-hypertensive individuals. Of the diffusion measures examined, associations were strongest between MABP and radial diffusivity which may indicate that blood pressure has an influence on myelin structure. Associations between MABP and white matter integrity followed spatial patterns resembling those often attributed to the effects of chronological age, suggesting that systemic cerebrovascular health may play a role in neural tissue degeneration classically ascribed to aging. These results demonstrate the importance of the consideration of vascular physiology in studies of cognitive and neural aging, and that this significance extends to even the normotensive and medically controlled population. These data additionally suggest that optimal management of blood pressure may require consideration of the more subtle influence of vascular health on neural health in addition to the primary goal of prevention of a major cerebrovascular event.
Introduction
A substantial literature exists describing the consequences of healthy aging Raz, 2009a, 2009b; O'Sullivan et al., 2001; Pfefferbaum et al., 2000; Salat et al., 2005a Salat et al., , 2005b Sullivan et al., 2001; Virta et al., 1999) as well as the impact of age-associated degenerative conditions including cerebrovascular disease, small vessel disease and stroke (de Laat et al., 2011; Gons et al., 2010; O'Sullivan, 2010; Pierpaoli et al., 1996 Pierpaoli et al., , 1993 on magnetic resonance imaging (MRI) measures of cerebral white matter structure. Similarly, important work has attempted to differentiate the effects of aging, vascular disease, and dementia on white matter structure (Lee et al., 2009; Yoshita et al., 2006) . Although the effects of age and the effects of vascular disease are typically considered distinct, accumulating evidence suggests that biological factors that simply increase the risk for a cerebrovascular event also exert their own influence on brain tissue. For example, various composite metrics of stroke risk, most notably, the Framingham Stroke Risk Profile (D'Agostino et al., 1994) have been shown to be associated with brain tissue damage NeuroImage xxx (2011) xxx-xxx (Jeerakathil et al., 2004; Seshadri et al., 2004) . The FSRP is a calculated score comprising several health factors and predicts an individual's 10 year risk of stroke. Of the risk factors contributing to the FSRP, hypertension is a highly prevalent condition in older adults. Recent estimates suggest that 11% of individuals 65-74 years of age, and 17% of individuals 75 and over are hypertensive (He et al., 2005) . Hypertension alone is associated with a range of histopathologic damage (for review see (Manolio et al., 2003) ) as well as increased white matter lesion volume measured on magnetic resonance imaging (MRI) by white matter signal abnormalities (Longstreth et al., 1996) . Given these intersecting factors, the dynamics between age and dementia-associated white matter lesions and microstructural damage has been an active area of investigation (Bastin et al., 2009; Benedetti et al., 2006; Lee et al., 2009) . The diagnostic category of hypertension was conceptualized as a metric of risk for a cerebrovascular event. However, the specific diagnostic criteria for hypertension are somewhat arbitrary and more recent consensus groups have created additional classifications such as 'pre-hypertension' (Chobanian et al., 2003) , an earlier stage of risk. It is thus unclear if hypertension per se is necessary for blood pressure to affect tissue structure, or if inter-individual variation in blood pressure is alone sufficient to impact neural health. Mild hypertension, controlled hypertension, and normal variation in blood and pulse pressure have all been shown to impact neural tissue (Breteler et al., 1994; DeCarli et al., 1995; Goldstein et al., 1998; Hoptman et al., 2009; Kennedy and Raz, 2009b; Leritz et al., 2010 Leritz et al., , 2011 Raz et al., 2005 Raz et al., , 2003 . It is possible that this effect is due to slow progressive degenerative processes, as prior studies have demonstrated that blood pressure measured in mid-life is associated with late-life white matter lesions (Swan et al., 1998) . Overall, these studies are of great interest because they demonstrate that subtle inter-individual variation in systemic physiology may influence neural health in the absence of overt damage due to stroke or other large-scale cerebrovascular incident.
Prior studies have examined the association between blood pressure and white matter integrity in clinical populations (Barrick et al., 2010; Gons et al., 2010; Hannesdottir et al., 2009; Patel and Markus, 2011) . However, to date, few studies have reported direct associations between blood pressure and white matter tissue structure measured with imaging procedures such as diffusion tensor imaging (DTI) in a normative sample. Raz (2009a, 2009b) found an association between pulse pressure and anterior white matter integrity in older normotensive individuals (Kennedy and Raz, 2009b) . Similarly, Leritz and colleagues (Leritz et al., 2010) demonstrated an association between mean arterial blood pressure (MABP) and white matter integrity in the anterior but not posterior corpus callosum in a population of subclinical to mildly hypertensive older African Americans. These findings demonstrate that DTI may provide a sensitive metric of regionally specific tissue damage due to variation in vascular integrity. To date, no studies have described the whole brain regional associations between blood pressure and white matter tissue structure. Thus, it is unclear whether blood pressure may influence white matter structure outside of the anterior regions described in prior work.
We examined the relationship between MABP and white matter integrity in 128 generally healthy older adults with a focus on individuals in the normotensive to moderately hypertensive range. In contrast to prior work examining individuals categorized as 'hypertensive' or 'normotensive', we examined MABP as a quantitative variable across the full range of inter-individual variation in this population. We mapped the association between blood pressure and DTI-based measures of white matter integrity using complementary voxel-based and region of interest (ROI) procedures. Given the high prevalence of hypertension in older adults, it was hypothesized that blood pressure would be associated with white matter integrity in anterior brain regions, and that patterns would resemble those that have been traditionally ascribed to normal aging such as profound frontal white matter deterioration (O'Sullivan et al., 2001; Pfefferbaum et al., 2000; Salat et al., 2005a Salat et al., , 2005b Sullivan et al., 2001) . In particular, it is possible that myelin damage due to minor ischaemic events would manifest in an association between MABP and radial diffusivity, a putative marker of myelin damage (Sun et al., 2006) . The results demonstrate strong associations between blood pressure and diffusion measures in several regions of the brain that are independent of age and apparent in even mild, controlled hypertensive individuals with a particular sensitivity of the radial diffusivity.
Methods

Participants
DTI and blood pressure data were acquired on 128 participants (78F/50M). Participants were recruited from two separate but overlapping studies examining how common cerebrovascular risk factors impact brain structure and cognition (Leritz et al., 2011) . Thirty-four participants were recruited through the Harvard Cooperative Program on Aging (HCPA) Claude Pepper Older American Independence Center (OAIC). Participants in this program were recruited from the community in response to an advertisement appearing in the HCPA newsletter asking for healthy communitydwelling older African Americans. Eighty-one participants were recruited through the Understanding Cerebrovascular and Alzheimer's Risk in the Elderly (UCARE) program, a study investigating how factors relating to cerebrovascular health impact brain structure and cognition, and contribute to the risk for dementia (Leritz et al., 2011) . Participants in this study were recruited through the Boston University Alzheimer's Disease Center (BUADC) based on the initial criteria of having a first-degree family relative with dementia. Participants were excluded if they had a history of head trauma of mild severity or greater according to the criteria of Fortuny et al. (Fortuny et al., 1980 ) (e.g., loss of consciousness for greater than 10 min), any history of more than one head injury, diagnosis of any form of dementia (i.e., Parkinson's disease, Alzheimer's disease, vascular dementia), any severe psychiatric illness, or any history of brain surgery. All participants were literate with at least a 6th grade education. Ninety-two of the participants were right-handed. Minimental state examination (MMSE) scores ranged from 23 to 30. These scores are in a range outside of a dementia diagnosis according to normative data for the demographic composition of the sample (Bohnstedt et al., 1994) . Demographic and health characteristics of all participants are presented in Tables 1 and 2.
Blood pressure measurements
Systolic and diastolic blood pressures (BP) were carefully recorded as the average of four separate measurements to enhance the reliability of the metric. The first measure was acquired in seated position after 5 min of rest with the arm at rest at the level of the heart using a sphygmomanometer. A second measurement was obtained 5 min later and the average of two values was recorded. This same procedure was then repeated in standing position, yielding a total of four BP measurements: seated systolic and diastolic, as well as standing systolic and diastolic. Diagnostic categories followed current conventions of a systolic blood pressure of 120-139 as indicative of "mild" or "pre" hypertension, a systolic BP of 140-159 to be "Stage 1" hypertension, and a systolic BP of 160 or greater to be indicative of "Stage 2" (severe) hypertension. In our sample, thirty (25%) individuals maintained normal systolic levels, and fifty (39%) individuals would be classified as "pre-hypertension". Thirty-five (27%) would be classified as "Stage 1," and eleven (9%) would be classified as "Stage 2". Thus, 82 (64%) would be considered to have normal-mild BP readings ( Fig. 1 ). Data were examined across the full range of variation, as well as in subgroups of the non-hypertensive and controlled and mild hypertensive individuals only. Data were examined as the mean arterial blood pressure (MABP = diastolic + [1/3(systolic-diastolic)]), as this measure is considered to be the perfusion pressure experienced by organs of the body and thus could be influential in tissue integrity. The distribution of relevant participant demographics is presented in Fig. 1 .
Medication usage
Sixty-one individuals (48%) in our sample were taking BP medications (such as beta blockers, ace inhibitors, or calcium channel blockers). To examine the potential influence of medication on the results presented, individuals on and off medication were differentially represented in scatterplots, and medication use was considered in secondary analyses.
DTI acquisition
Global and regional WM integrity was assessed using DTI measures of fractional anisotropy (FA) and axial [L1] and radial [(L2+ L3)/2] diffusivity (the parallel and perpendicular diffusivities, respectively). The axial and radial diffusivities were examined as animal models suggest that these different diffusion parameters may be differentially sensitive to myelin and fiber pathology (Budde et al., 2009; Sun et al., 2006) . DTI acquisitions were performed with a twice-refocused spin echo single shot echo planar sequence to minimize eddy currentinduced image distortions (Reese et al., 2003) (Siemens Avanto; TR/TE = 7200/77 ms, b = 700 s/mm², acquisition matrix = 128 × 128, 256 × 256 mm FOV, 2 mm slice thickness with 0-mm gap, 10 T2+ 60 DWI; 64 oblique slices; total acquisition time 8 min 38 s) in 116 participants. The 60 diffusion weighted directions were obtained using the electrostatic shell method (Jones et al., 1999) , providing a high signal-to-noise diffusion volume. Twelve of the participants were imaged early in the study on a Siemens Sonata scanner (TR/TE = 9000/68 ms, b = 700 s/mm², acquisition matrix = 128 × 128, 256 × 256 mm FOV, 2 mm slice thickness with 0-mm gap, 8 T2 + 8 averages of 6 DWI). These participants were not found to substantially affect the findings or conclusions from the work and were therefore included in the overall analyses. For all scans, the diffusion tensor was calculated on a voxel-by-voxel basis with conventional reconstruction methods (Basser et al., 1994) .
DTI preprocessing and analysis: motion and eddy current correction
Preprocessing was performed with diffusion tools developed at the Martinos Center as part of the Freesurfer software package (http:// surfer.nmr.mgh.harvard.edu) as well as tools provided with the FSL processing suite (http://www.fmrib.ox.ac.uk.ezp-prod1.hul.harvard. edu/fsl). Diffusion volumes were eddy current and motion corrected using FSL's Eddy Correct tool. The diffusion tensor was calculated for each voxel using a least-squares fit to the diffusion signal. The T2 weighted lowb volume was then skull stripped using FSL's Brain Extraction Tool (BET) (Smith, 2002) , and this volume served as a brainmask for all other diffusion maps. The lowb structural volume was collected using identical sequence parameters as the directional volumes with no diffusion weighting, and was thus in complete register with the final diffusion maps. Maps for fractional anisotropy (FA), axial (DA) and radial (RD) diffusivity were entered in voxel-based analyses using the Tract-Based Spatial Statistics (TBSS) procedure for inter-participant spatial normalization (Smith et al., 2006) .
Nonlinear registration and tract-based spatial statistics (TBSS)
Voxel-wise processing of the FA data was carried out using TBSS (Tract-Based Spatial Statistics) (Smith et al., 2006) , part of FSL (Smith et al., 2004) . In this procedure, all subjects' FA data were aligned into a common space using the nonlinear registration tool FNIRT (Andersson et al., 2007a (Andersson et al., , 2007b , which uses a b-spline representation of the registration warp field (Rueckert et al., 1999) . The TBSS procedure next creates a mean FA image by averaging all participants' aligned FA maps, and then thresholds this average for voxels with an FA ≥ 0.2 to generate a mean FA skeleton which represents the centers of all tracts common to the group. This use of the FA skeleton helps avoid inclusion of regions that are likely composed of multiple tissue types or fiber orientations and may be susceptible to partial volume contamination. The next step in the TBSS processing is a projection of each participant's regional diffusion values to the appropriate location on the template skeleton, and this information was entered into voxel-wise group statistics. Data along the skeleton were smoothed utilizing an anatomical constraint to limit the smoothing to neighboring data within adjacent voxels along the skeleton. The exact transformations derived for the FA maps were applied to the other diffusion contrast volumes (axial/radial diffusivities) for matched processing of image volumes for each participant. Statistical maps were dilated from the TBSS skeleton for visualization purposes.
ROI analysis
Regions of interest (ROIs) limited to the TBSS skeleton were created using the combination of two white matter atlases. The first set of ROIs was generated using the Johns Hopkins University white matter labels, available as part of the FSL suite. The second ROI approach employed T1-based WM parcellations automatically created during the FreeSurfer processing stream (Salat et al., 2009) (Fig. 2 ). These regional measures were based on gyral folding patterns (Desikan et al., 2006) which were subsequently diffused from the cortex into the subjacent white matter, resulting in a white matter parcellation for each gyral label, unique to each individual's anatomy.
Registration of the T1 image to the lowb volume was performed using the FreeSurfer bbregister tool ), a novel procedure that utilizes tissue contrast (gray/white matter) as the basis of the registration cost function. White matter ROI values were extracted from voxels limited to the TBSS skeleton to correspond with voxel-based analyses and to reduce the influence of partial volume contamination. The ROI-segmented mean skeleton was deprojected from TBSS standard space to each participant's native diffusion volume using the inverse of the participant's transform to standard space to extract native values. An example of this procedure is presented in Fig. 2 .
White matter hypointensity labeling
White matter hypointensities were labeled on T1 images using procedures for whole brain labeling described in prior work (Fischl et al., 2002) , extended to the labeling of white matter lesions as applied in our previous work . A frequency map of regional hypointensity distribution was created in TBSS space to qualitatively assess the spatial distribution of effects of MABP relative to the distribution of overt white matter lesions.
Data analysis
Voxelwise general linear models (GLM) were performed to examine regional associations between MABP and white matter microstructure measures. Additional analyses examined the same associations in normotensive to mildly hypertensive individuals, as well as the association between MABP and white matter microstructure controlling for age. Secondary analyses examined the effects of several potentially important covariates on the associations measured in the anterior corpus callosum, including smoking, sex, education, body mass index, and total white matter lesion volume.
Results
Associations between blood pressure and DTI measures: TBSS voxelbased GLMs
Associations were found between MABP and FA in several regions throughout the cerebral white matter with strong bilateral effects in Fig. 2 . Tract-based spatial statistics (TBSS) based ROI analysis procedure. A region of interest (ROI) template was co-registered with each individual's diffusion skeleton for the creation of multiple anatomically defined ROIs. Data extraction was performed in native voxel space and was limited to the voxels contributing to the TBSS skeleton to minimize the confounding effect of partial volume contamination on the regional measurements. the corpus callosum (particularly anterior regions), parietal white matter (particularly inferior and superior lateral parietal and precuneus), and superior and lateral frontal white matter (Fig. 3) . Regional definitions of significance clusters are presented in Table 3 , with the size and minimum P value for each cluster, and a weighting score for each region that takes both cluster size and statistical significance into account. While FA and radial diffusivity had a similar spatial distribution of regional associations with MABP, axial diffusivity was associated with MABP to a lesser degree and in different regions including more posterior and periventricular white matter. The majority of regional associations remained when controlling for age, which only minimally affected the overall results.
Associations between blood pressure and DTI measures: atlas-based ROI analysis Table 4 presents associations between MABP and diffusion measures in anatomically defined ROIs using the JHU and Freesurfer white matter atlases. These analyses matched the voxel-based results demonstrating strong, bilateral regional associations between MABP and FA and radial diffusivity in several large portions of frontal and parietal white matter. However, the anatomical ROI analysis demonstrated several additional regions throughout the cerebrum showing associations between MABP and white matter integrity including occipital, temporal, and deep white matter.
Influence of health and demographic variables
To examine the influence of health and demographic parameters on the associations between MABP and white matter microstructure, gender, body mass index (BMI), education, smoking status, and total white matter hypointensity volume were entered as nuisance covariates in individual general linear models of the association between MABP and DTI measures. Use of these covariates had minimal effect on the overall statistical effects demonstrated in Fig. 3 except for total white matter hypointensity volume which reduced but did not eliminate the regional associations between Fig. 3 . Tract-Based Spatial Statistics (TBSS) maps demonstrating regions with associations between mean arterial blood pressure (MABP) and white matter microstructural measures. The heat scale represents statistical P values as described in the figure color scale-bar. Associations were found throughout the cerebral white matter with prominent associations between MABP and white matter integrity in frontal and parietal areas for fractional anisotropy (FA) and radial diffusivity. In contrast, associations between MABP and axial diffusivity were found primarily in perventricular regions and orbitofrontal and medial temporal regions.
MABP and white matter microstructure. The influence of each of these parameters on FA within the anterior callosum is presented in Fig. 4 along with the whole brain maps demonstrating the effect of including white matter hypointensities as a nuisance covariate in the model of the association between MABP and DTI measures (Fig. 4) . Table 3 Anatomic assignment of significance clusters from the TBSS voxel-based analysis of the association between MABP and FA ( Fig. 3 ; pb 0.01; minimum cluster size 40 mm 3 ).
Region
Size ( 
Spatial overlap of MABP effects with white matter hypointensities (WMH)
White matter lesions are a common feature in individuals with hypertension and cerebrovascular disease and statistically controlling for white matter hypointensity volume influenced the association between MABP and DTI measures (Fig. 4) . In order to determine whether the associations between MABP and white matter integrity had a similar spatial distribution to white matter lesions, the spatial frequencies of white matter hypointensities were mapped to the TBSS standard space, allowing a simple qualitative co-visualization of the lesions with the MABP significance maps to determine whether the effects measured were simply within regions of high lesion frequency. Spatial frequencies of WMH can be seen in Fig. 5 . WMH frequency maps were thresholded to demonstrate regions where ≥30 participants demonstrated labeling. These maps demonstrate that, although there was some overlap between regions with white matter lesions and the regions impacted by MABP, many of the regional associations were outside of this zone of overlap. A portion of the significance regions directly bordered white matter lesions; however, other clusters were remote to the common periventricular location of white matter damage. This finding plus the finding that associations remain between MABP and DTI measures when controlling for hypointensity volume support the unique association between blood pressure and microstructural alterations.
Associations in normotensive and controlled/pre-hypertensive individuals
We performed the same analyses as described above while limiting the sample to those participants who were normotensive and controlled/pre-hypertensive only. Fig. 6 demonstrates the spatial overlap of the analyses performed in these two samples (p b 0.05). There was strong overlap in the significance maps of the full sample and the truncated MABP sample. Significance clusters in the larger sample were expanded relative to the truncated sample, and extended more posteriorly than the effects seen in the truncated sample. Additionally, of the 37 identified clusters for the full sample analysis, all cluster remained significant when examining the association between MABP and FA for each cluster in the sample limited to individuals with a systolic blood pressure of b140. A minimal set of regions showed an effect in the MABP restricted range that was not apparent in the full sample. Fig. 7 presents a transparent representation of the brain to demonstrate the location of major clusters from the voxel-based analyses showing significant associations between MABP and FA (p b 0.01; min cluster size of 60 mm 3 ) as well as the raw data from selected clusters with the sample differentially represented based on medication usage. This representation highlights the potential vulnerability of frontal and parietal white matter to elevated blood pressure. Additionally, as demonstrated in the scatterplots, individuals on medication had similar slopes compared to individuals that were not on medication in some regions, however, there were significant MABP by medication status interactions in other regions, with some effects suggesting a reduced association in individuals on blood pressure medication compared to those that were not. A total of 37 clusters showing significant effects of MABP on FA were examined and approximately 30% of these clusters demonstrated a significant interaction for medication (p b 0.05).
Effect of medication on MABP associations
Fiber anatomy of regions associated with MABP
To determine the white matter fascicles intersecting regions demonstrating an association between MABP and FA, we utilized significance clusters from the TBSS based maps as streamline Fig. 4 . Influence of health and demographic variables on the association between MABP and white matter microstructural measures. Scatterplots in the left panel demonstrate the association between mean fractional anisotropy in the anterior corpus callosum and MABP, total white matter hypointensity volume, smoking status, gender, body mass index, and education. When entered into the model as nuisance variables, only white matter hypointensity volume had an impressionable impact on the association between MABP and white matter microstructure as demonstrated in the right panel compared to the results in Fig. 3.  Fig. 6 . The association between MABP and FA in a sample limited to normotensive and controlled/mildly hypertensive individuals. Regions showing significance in low risk individuals (yellow/green) were similar to analyses including the entire sample (blue/green), demonstrating that the effects observed were not primarily driven by individuals in the extreme ranges of blood pressure. Thus, blood pressure may exert an influence on neural tissue within ranges considered within normal variation. tractography seeds in a representative healthy brain. Fig. 8 is the result of this modeling and demonstrates fibers intersecting regions showing significant associations including the corona radiata, the pyramidal tracts, the cingulum, and the optic radiations. This representation highlights the widespread complex fiber architecture that may be impacted by vascular health, as well as the relative sparing of temporal lobe fiber integrity.
Discussion
The present study demonstrated regional associations between inter-individual variation in MABP and diffusion metrics of white matter integrity throughout the cerebral white matter in a large sample of generally healthy older adults. Effects were prominent in frontal and parietal white matter, were independent of age, remained after controlling for white matter lesions, and were apparent when the sample was limited to individuals who were either normotensive or controlled and/or pre-hypertensive. It is of note that, although much of the effect was apparent in individuals within the mild risk range, the regional distribution of effects of MABP on DTI measures was expanded with the inclusion of individuals in the more severe range. These results are significant on two major levels. First, they demonstrate that vascular health may have a substantial impact on neural health, even in individuals outside of the hypertensive range, emphasizing the importance of considering measures like MABP more generally in studies of cognitive and neural aging. Second, these data may provide essential information about the optimal clinical management of blood pressure with regard to neural health in older adults. Few prior studies have explored the quantitative association between blood pressure and white matter integrity in a normative population (Kennedy and Raz, 2009b; Leritz et al., 2010) . Additionally, recent work demonstrated specific regional patterns by which blood pressure may affect white matter to contribute to geriatric depression (Hoptman et al., 2009) . The current data are in concordance with these prior studies demonstrating that systemic measures of vascular function are associated with the integrity of anterior white matter. We extend these results to demonstrate the full spatial patterns of associations between blood pressure and white matter integrity measured by DTI, and the spatial associations relative to the more overt periventricular white matter lesions typically apparent in high risk and disease populations. Similarly, controlling for total white matter lesion volume reduced the effects measured, yet regional effects remained, for example, in the anterior corpus callosum. We note, however, that white matter lesions were measured as hypointensities from T1 weighted images and therefore may not account for the full spatial distribution of white matter lesions in this sample. Taken together, these studies express the importance of continued work to determine the unique mechanisms by which blood pressure variation may influence neural tissue degradation.
Our study found associations between MABP and the axial as well as the radial components of diffusivity. Axial diffusivity represents diffusion along the primary directional vector, and has been suggested to be sensitive to axonal disruption (Budde et al., 2009) . This metric was associated with MABP to a lesser degree than FA, and primarily showed associations in periventricular, orbitofrontal, and medial temporal regions. In contrast, radial diffusivity represents diffusion in the non-primary directional vectors, and has been suggested to be altered more selectively with damage to myelin (Sun et al., 2006) . Associations between MABP and radial diffusivity had a similar spatial pattern to the regions showing associations between MABP and FA with additional results in orbitofrontal regions. These findings may suggest that vascular health influences white matter microstructure through multiple pathologic mechanisms. For example, damage to the myelin could be due to ischemic perturbations, while fibers may only be affected with more substantial pathologies that occur with greater vascular risk. However, limitations of the interpretation of results from diffusion imaging have been noted (Wheeler-Kingshott and Cercignani, 2009) . Additionally, examination of the effects of MABP on the distinct diffusivities suggests some differential sensitivity based on initial anatomy, with axial diffusivity potentially being more sensitive to changes in regions with low native FA. It is thus unclear what mechanisms may contribute to associations between MABP and DTI-based white matter integrity at this time. Fig. 8 . Diffusion tractography qualitatively demonstrating white matter fascicles potentially affected by blood pressure. Regions of demonstrating a statistically significant association between MABP and FA were clustered and entered into streamline tractography procedures to qualitatively demonstrate the fiber populations that intersected with regions showing an association between MABP and FA. This image demonstrates the potential widespread effects of blood pressure on cerebral health, however it is also worthy of note that fibers within the temporal lobe may be relatively spared compared to fibers in frontal and parietal cortices.
MABP was related to diffusion measures in regions that bordered on the well described periventricular white matter lesions that have been found to be related to hypertension. Associations were also found in more peripheral regions of white matter, outside of common locations of white matter damage. Additionally, associations between MABP and DTI measures remained when controlling for white matter hypointensity volume. The lack of a bimodal distribution of white matter values in our selected regions suggests that MABP influences white matter in a manner that is distinct to a more large-scale event such as a micro hemorrhage, stroke or other lesion. These findings suggest that a portion of the associations found in the current work represent a pre-lesional state of tissue bordering on lesion locations that will potentially expand with continued changes in health status and that these regional effects may differ from effects in areas remote to the periventricular zone that are much less likely to become overtly lesioned. Such effects have been discussed in prior work with regard to lesions from multiple sclerosis (Werring et al., 2000) . Ongoing work will examine in greater detail the relationship between the manifestation of white matter lesions and the health of white matter outside of lesion locations as well as the pathologic heterogeneity of white matter lesions in older adults.
The present data demonstrate a reduction in white matter integrity with increasing blood pressure, regardless of overt hypertension. It is possible that increased blood pressure influences white matter regionally through the increased likelihood of local ischemia (Pantoni and Garcia, 1997) , and that although one may not be in the range of high risk for a cerebrovascular event, increased blood pressure can still have this more subtle influence on neural tissue. Effects were found in regions intersecting several major fiber fascicles including the several regions along the corona radiata, the pyramidal tracts, the cingulum, and the optic radiations with a relative sparing of temporal lobe fibers (Fig. 8 ). Similar systems have been suggested to be most vulnerable to the effects of aging in contrast to the more limbic effects of Alzheimer's disease, and these findings lend greater support to the idea that vascular health is a major component of general neural aging. These data demonstrate the potentially broad, yet selective neural implications of elevated blood pressure on brain structure, and the neurophysiologic and cognitive consequences of elevated blood pressure in the low-risk population are yet to be elucidated.
The current data are limited and must be interpreted with caution. The cohort examined was not a normative population. The majority of participants had a first-degree relative with dementia, and a substantial portion of the cohort was composed of African Americans, a population known to be at increased risk for cerebrovascular disease. It is therefore possible that, blood pressure may have an amplified effect in this population, regardless of the fact that individuals are normotensive. If this were true, this finding would be of great interest in that the sample provides a unique population to uncover effects that may have been missed in prior analyses due to the subtle but significant impact on white matter structure. Additionally, although this was partially an 'at risk' population, the sample was recruited through advertisement and was composed of a majority of individuals from the Boston metropolitan area who may differ in their blood pressure and MMSE scores compared to similar cohorts. The generalization of such results to other studies can therefore not be assumed. A portion of the effects measured were replicated across two independent samples examined with similar demographic profiles, and we note that our recent data demonstrates associations between MABP and DTI-based white matter measures in a more general community sample of older adults. Additionally, medication was determined not to have a major influence on specific regional associations in this work, however, a portion of the effects showed statistical interactions with those on medication showing less of an association than those that were not taking medication. This trend could be due to the fact that individuals on medication had MABP values that were less reflective of their lifetime exposure compared to those that were not. Alternatively and potentially more interesting, it is possible that blood pressure medication has a therapeutic influence on white matter damage, therefore reducing the association between MABP and tissue structure. The influence of medication and pre-medication blood pressure will therefore need to be further examined in a larger sample of participants. It is important to note that the effects described here are only associational and cross-sectional. It is therefore not possible to determine if there is a causal link between elevated blood pressure and white matter damage. Ongoing work is examining how baseline MABP predicts future changes in white matter integrity, and these analyses should provide valuable information in this regard.
In summary, these data demonstrate the association between blood pressure, a measure of systemic vascular health, and diffusion metrics of white matter integrity. Associations were independent of age and medication status, were partially replicable across two independent samples, and were apparent when limiting the sample to individuals with only mildly elevated blood pressure. These findings suggest that dysregulation of blood pressure may have an important impact on neural integrity in older adults, even when in the normal range with regard to cerebrovascular risk. Future work will examine the clinical implications of these findings.
